Although condition monitoring is very important for a reliable operation of tram powertrain components, conventional wired sensor systems do not manage to find wide acceptance because of installation and security costs. To address those issues, we propose a novel condition monitoring system based on a wireless and energy self-sufficient sensor network, where the individual sensor nodes harvest energy from vibrations, occurring while the tram is in motion. First, we performed an experimental investigation to identify the most important boundary conditions for the system design. Second, we designed individual sensor nodes using parameters derived from the previous investigation. Finally, the sensor network was deployed and tested on the tram gearboxes. The obtained measurement data were recorded at a sufficient sampling rate of 4.56 kHz and were successfully transferred from the tram gearbox to the network base station within a radius of 10 m inside the tram despite factors such as reflections, fading and electromagnetic compatibility. A piezoelectric vibration harvester is the power supply for the sensor nodes and it delivers up to 21.22 mW for relevant vibration frequency range between 10 Hz and 30 Hz, thus enabling deployment of autonomous sensor nodes.
Introduction
In growing urban environments, trams are an essential part of public transportation. The challenge is to facilitate efficient transportation of ever-increasing number of passengers every day. That results in higher requirements for tram utilisation in terms of streetcar availability and service downtime due to technical breakdowns. This can be supported by, e.g., a condition-based maintenance strategy delivering current information about the state of the tram drive components, which are subject to daily wear and tear [1] .
Inspections of tram vehicles are scheduled by the maintainer several times a month and inevitably lead to planned service downtime. In addition, according to the German regulations [2] , a general inspection is required every eight years or 500,000 km. Today, the maintenance consists of gathering condition data by sensors and determining the specific maintenance work based on the collected information. Several sensors are attached to the tram drive components that are subject to wear, ensuring continuous monitoring. Together, they form a sensor network that send measurement data to a control centre via a star-shaped network configuration. The first wireless-based approaches for
Analysis of the Tram Drive Components

Installation Space and Component Analysis
The installation space analysis enables the identification of suitable measuring points on the tram drive components where the structure-borne sound can be better transmitted without additional coupling elements. In cases where the use of coupling elements is necessary, screw connections are most suitable because they do not significantly influence the signal to be transmitted. Their natural frequency does not match the frequency range of the transmitted signal [13] .
Because low-floor vehicles have low entry height, the installation space is limited and must be examined for sufficient space for the sensors. Furthermore, parasitic influences from motor supply cables must be kept to a minimum. For successful operation, stable communication between the sensors must be maintained.
The tram component investigated is a motor bogie, as shown in Figure 1 . Basically, it consists of a frame while the other components of the overall drive train are attached to it. This includes two smaller drive trains, each consisting of two wheels, a hollow shaft, a two-stage gearbox and a motor. 
Metrological Analysis
For the mechanical resistance of the sensor system and for the identification of usable frequency ranges for the VEH, metrological cable-bound investigations were initially carried out with a conventional measuring system, as shown in Figure 2 [6] . For this purpose, relevant drive components were equipped with industrial acceleration sensors in vertical and horizontal measuring directions. Overall, they were fixed at suitable measuring points with epoxy resin adhesive, which has a good transfer behaviour, to avoid amplitude amplification in relevant frequency ranges. The effect of the amplitude amplification comes from the natural frequency behaviour of the coupling medium or the coupling conditions. To fasten the sensors to the gearbox measuring points, threaded holes were used to attach lifting eyes.
To investigate various application scenarios, manually triggered vibration measurements were carried out under different track conditions. The measurements were taken during the acceleration drives as well as for three different tram speeds: 30, 40 and 50 km/h. To analyse the influence of the maintenance condition of the tram on the vibration level of the motor bogie, different trams in different maintenance conditions were also examined [6] .
Figure 2.
Comparative investigations with cable-bound measurement technology [6] . The upper figure shows the installation conditions of the sensors.
These data are important with regard to the amount of energy to be harvested to estimate how the energy life of the sensor node can be quantified, improved and optimised [14] . The frequency 
Metrological Analysis
For the mechanical resistance of the sensor system and for the identification of usable frequency ranges for the VEH, metrological cable-bound investigations were initially carried out with a conventional measuring system, as shown in Figure 2 [6] . For this purpose, relevant drive components were equipped with industrial acceleration sensors in vertical and horizontal measuring directions. Overall, they were fixed at suitable measuring points with epoxy resin adhesive, which has a good transfer behaviour, to avoid amplitude amplification in relevant frequency ranges. The effect of the amplitude amplification comes from the natural frequency behaviour of the coupling medium or the coupling conditions. To fasten the sensors to the gearbox measuring points, threaded holes were used to attach lifting eyes. 
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These data are important with regard to the amount of energy to be harvested to estimate how the energy life of the sensor node can be quantified, improved and optimised [14] . The frequency To investigate various application scenarios, manually triggered vibration measurements were carried out under different track conditions. The measurements were taken during the acceleration drives as well as for three different tram speeds: 30, 40 and 50 km/h. To analyse the influence of the maintenance condition of the tram on the vibration level of the motor bogie, different trams in different maintenance conditions were also examined [6] . These data are important with regard to the amount of energy to be harvested to estimate how the energy life of the sensor node can be quantified, improved and optimised [14] . The frequency range 10-30 Hz is particularly suitable for the energy harvester. Due to the speed vibrations and the associated harmonics, the energy harvester can reliably operate in this frequency range because this frequency range includes the three rotary frequencies of the three gear shafts of the two-stage tram gearbox. This means that there are several excitation frequencies for the VEH during tram movement. In cases where the tram speed varies because of the driving profile (braking and acceleration), the resonance frequency of the VEH is passed through more often. Other external noises, e.g., from the wheel-rail contact, even favour the VEH operation, because these noises lead to shocks and always excite the VEH. Figure 3a shows a time signal of the vertical oscillations (red) on a gearbox and the tram wheel speed (black). In the left area (from 0 to 4.5 s) the tram accelerates and in the right area (from 5.5 to 10 s) a deceleration takes place. The tram runs at a constant speed between 4.5 and 5.5 s. Due to the widely varying operating conditions, it can be seen that different frequency ranges are excited to a greater or lesser extent in different periods. For this purpose, the signal was analysed by using a short time Fourier transform in Figure 3b . To make it easier to interpret the frequency spectra, their curves were projected onto the axis of the vibration acceleration. In cases where the tram speed varies because of the driving profile (braking and acceleration), the resonance frequency of the VEH is passed through more often. Other external noises, e.g., from the wheel-rail contact, even favour the VEH operation, because these noises lead to shocks and always excite the VEH. Figure 3a shows a time signal of the vertical oscillations (red) on a gearbox and the tram wheel speed (black). In the left area (from 0 to 4.5 s) the tram accelerates and in the right area (from 5.5 to 10 s) a deceleration takes place. The tram runs at a constant speed between 4.5 and 5.5 s. Due to the widely varying operating conditions, it can be seen that different frequency ranges are excited to a greater or lesser extent in different periods. For this purpose, the signal was analysed by using a short time Fourier transform in Figure 3b . To make it easier to interpret the frequency spectra, their curves were projected onto the axis of the vibration acceleration. 
Structure and Development of the Sensor Network
Requirements and Structure
Many measuring points have to be equipped with sensors for the large-area measurement of the vibration state of a motor bogie. For the first test of a sensor network, it is sufficient to equip two measuring points with sensor nodes. The prototype implementation includes two sensor nodes, which form a star-shaped network. The base station or data server is located in the centre of the network and is accessed by a control centre during the measurements. It downloads, evaluates and visualises the sensor data.
The sensor nodes should be able to acquire the acceleration measurement data wirelessly and in an energy self-sufficient manner. Furthermore, all recorded raw measurement data should be transferred to the data server. The sensors are attached on the tram drive components of the motor bogie. The central data server is located in the passenger cabin of the tram, where it can be placed under a passenger seat. In addition, the network elements must be able to maintain reliable communication through the tram floor. The sensor nodes communicate only with the base station.
For the hardware implementation of the sensor nodes, electronic components and circuit boards that are already available on the market were selected at the lowest possible cost. As described in [15] , a distinction is made between energy supply (harvester, energy converter (AC/DC), energy 
Structure and Development of the Sensor Network
Requirements and Structure
For the hardware implementation of the sensor nodes, electronic components and circuit boards that are already available on the market were selected at the lowest possible cost. As described in [15] , a distinction is made between energy supply (harvester, energy converter (AC/DC), energy management and memory) and sensor technology with associated signal processing (acceleration sensor with integrated ADC, microcontroller and transmitter/receiver unit, if necessary).
Design
Energy Supply
Energy is supplied in the long term via a piezoelectric VEH. The advantage of a piezoelectric VEH compared to an electromagnetic VEH is the possibility of implementation in presence of magnetic components in addition to the high electromagnetic compatibility with the surrounding sensor system. In combination with an energy management module (EMM) and a lithium polymer accumulator (LiPo, 3.7 V and 2500 mAh), the sensor power supply and the associated signal processing are guaranteed. First, the volatile electrical energy generated by the VEH is rectified by the EMM. Then, the LiPo is charged according to the IU method (CCCV (Constant Current Constant Voltage)). In addition, the EMM already has a deep discharge protection for the LiPo.
On the basis of simulation investigations, the energy consumption of the electronic components can be estimated under certain conditions (e.g., duration of measurement pauses, sampling rate, and transmission rate) [1, 16, 17] . In addition, the selection of the electronic components was optimized with regard to their energy consumption. Based on this, the piezoelectric VEH (E-821.EHD) from PI CERAMICS [18] was selected. To estimate the real electrical energy output, measurements were carried out on a shaker ( Figure 4 ). The piezoelectric VEH is applied as a film on a bending beam made of carbon fibre reinforced plastic (CFRP). The masses (m 1 = 60 g and m 2 = 20 g) are used to adjust the natural frequencies ( f E1 = 15.3 Hz and f E2 = 24.2 Hz) of the spring-mass damper system. The settings made on the VEH (mass m or frequency f) and on the shaker (a, excitation amplitude of the acceleration signal) depend on the results of the cable-bound comparison measurements shown in Figure 3 . To set the correct acceleration amplitude on the shaker, an acceleration sensor was used to measure it. Then, the amplitude was adjusted manually. From the measurements, the power can be expressed as a function of the two measured variables voltage (U) and current (I) with load resistance (R), as given in Equation (5):
The measured behaviour is given in [18] and it gives a very good first impression of the expected electrical power, as given in Equation (6):
where C is the electrical capacitance of the piezo foil. For the tested VEH, it is C = 90 nF [18] . The frequency f refers to the frequency at which the film or the bending beam is oscillating. If the system oscillates in resonance, the natural frequency can be simply selected. Specifically, at low-frequency oscillations, high displacement amplitudes are more often compared to at high-frequency signal components. Therefore, they are the reason for the choice of the frequency range. From Equations (1)- (4), it can be concluded that the amplitude of the oscillation path is inversely proportional to the square of the frequency.
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where
A 0 is the constant amplitude at the frequency f and a(t), v(t) and s(t) are, respectively, the acceleration, the velocity and the displacement. From the measurements, the power can be expressed as a function of the two measured variables voltage (U) and current (I) with load resistance (R), as given in Equation (5):
where C is the electrical capacitance of the piezo foil. For the tested VEH, it is C = 90 nF [18] . The frequency f refers to the frequency at which the film or the bending beam is oscillating. If the system oscillates in resonance, the natural frequency can be simply selected.
It was observed that an electrical power of 21.22 mW can be harvested at the natural frequency of f E1 = 15.3 Hz and at a sinusoidal excitation with a = 3 m/s 2 , as depicted in Figure 5 . For the application in the sensor node, a second piezo foil was glued with two-component epoxy resin adhesive on the bottom of the bending beam. By parallel connecting these two foils, the downstream components are to be protected against excessive voltage peaks, as shown in Figure 6 . Subsequent measurements have confirmed that this almost doubles the electrical power that can be achieved. From the measurements, the power can be expressed as a function of the two measured variables voltage (U) and current (I) with load resistance (R), as given in Equation (5):
It was observed that an electrical power of 21.22 mW can be harvested at the natural frequency of 1 = 15.3 Hz and at a sinusoidal excitation with a = 3 m/s 2 , as depicted in Figure 5 . For the application in the sensor node, a second piezo foil was glued with two-component epoxy resin adhesive on the bottom of the bending beam. By parallel connecting these two foils, the downstream components are to be protected against excessive voltage peaks, as shown in Figure 6 . Subsequent measurements have confirmed that this almost doubles the electrical power that can be achieved. 
Energy Consumption and Overall Design
When selecting electrical consumers, the concept for optimised overall energy consumption is critical because the energy consumption depends on the actual measuring task and the following data handling. Therefore, a MEMS-based digital acceleration sensor (ADIS16223, [19] ) was selected for data acquisition. The three-axis acceleration sensor already has its own analogue-to-digital converter (ADC) and is optimised for condition monitoring. For each acceleration axis, 1024 samples can be acquired at different sampling rate settings. In the extended measurement mode of the sensor, the memory locations of two acceleration axes (e.g., x and y axes) can also be used for the third axis to triple the measurement time. Furthermore, the temperature for calibration of the sensor is also recorded. The initialisation of the digital acceleration sensor and the readout of the measured data are carried out via a Serial Peripheral Interface (SPI) connection. Then, the read-out measurement data should be available for further (offline) analyses and sophisticated mathematical analyses (e.g., fast Fourier transform, Hilbert transform and order analyses), which are applied to the measurement data to detect failure parameters. In the case of a microcontroller board as a controller, the bottleneck would be the available energy, the limited memory and the performance of the microcontroller board. To overcome those limitations, it was decided to send the complete acceleration data to a central server unit. WLAN or Bluetooth are more suitable for sending large amounts of data, as is the case with acceleration data at high sampling rates (up to 51.2 kHz). More energy-efficient radio protocols are only suitable for sending very small amounts of data (e.g., controlling a radio switch). However, the use of these radio protocols results in an enormous loss of energy. This energy loss can later be compensated by the energy harvested with the VEH during the long "sleeping times" of the sensor node. The possibility to keep long measuring breaks becomes clear in the context of the measuring task because wear is a slow process. Thus, the intervals between two measurements can be longer until the first condition describing changes in the measurement data starts to appear. During this time, sufficient energy can be harvested via the VEH to be able to send new measurement data [16, 17] . In addition, the used microcontroller board (ESP8266 demo kit) is very well suited for this task, since it already has energy-saving strategies due to various operating modes ("active mode", "sleep mode" or "deep sleep mode") [20] . Figure 7 shows the complete sensor node with all installed components and the associated block diagram including the current consumption. The housing is made of two types of materials. To be visible, the upper part is made of glued Plexiglas. The base is made of an aluminium plate (sensor plate). Aluminium is particularly suitable for use in the electromagnetic compatibility (EMC) area. Below and in the middle of the sensor plate there is a threaded mounting bolt for screwing the sensor node into the threaded hole for the gearbox lifting eyes. The digital acceleration sensor was placed almost in the centre above the threaded mounting bolt. This is designed to directly couple the structure-borne sound into the MEMS acceleration sensor. The VEH was clamped on one side while the inertia mass can be adjusted and slipped via a clamp for a specific application (thus, the natural frequency can be set). All components have been placed such that the bending beam has enough space for the displacement of the mass. The battery is attached to the side wall with a strong Velcro strap. 
When selecting electrical consumers, the concept for optimised overall energy consumption is critical because the energy consumption depends on the actual measuring task and the following data handling. Therefore, a MEMS-based digital acceleration sensor (ADIS16223, [19] ) was selected for data acquisition. The three-axis acceleration sensor already has its own analogue-to-digital converter (ADC) and is optimised for condition monitoring. For each acceleration axis, 1024 samples can be acquired at different sampling rate settings. In the extended measurement mode of the sensor, the memory locations of two acceleration axes (e.g., x and y axes) can also be used for the third axis to triple the measurement time. Furthermore, the temperature for calibration of the sensor is also recorded. The initialisation of the digital acceleration sensor and the readout of the measured data are carried out via a Serial Peripheral Interface (SPI) connection. Then, the read-out measurement data should be available for further (offline) analyses and sophisticated mathematical analyses (e.g., fast Fourier transform, Hilbert transform and order analyses), which are applied to the measurement data to detect failure parameters. In the case of a microcontroller board as a controller, the bottleneck would be the available energy, the limited memory and the performance of the microcontroller board. To overcome those limitations, it was decided to send the complete acceleration data to a central server unit. WLAN or Bluetooth are more suitable for sending large amounts of data, as is the case with acceleration data at high sampling rates (up to 51.2 kHz). More energy-efficient radio protocols are only suitable for sending very small amounts of data (e.g., controlling a radio switch). However, the use of these radio protocols results in an enormous loss of energy. This energy loss can later be compensated by the energy harvested with the VEH during the long "sleeping times" of the sensor node. The possibility to keep long measuring breaks becomes clear in the context of the measuring task because wear is a slow process. Thus, the intervals between two measurements can be longer until the first condition describing changes in the measurement data starts to appear. During this time, sufficient energy can be harvested via the VEH to be able to send new measurement data [16, 17] . In addition, the used microcontroller board (ESP8266 demo kit) is very well suited for this task, since it already has energy-saving strategies due to various operating modes ("active mode", "sleep mode" or "deep sleep mode") [20] . Figure 7 shows the complete sensor node with all installed components and the associated block diagram including the current consumption. The housing is made of two types of materials. To be visible, the upper part is made of glued Plexiglas. The base is made of an aluminium plate (sensor plate). Aluminium is particularly suitable for use in the electromagnetic compatibility (EMC) area. Below and in the middle of the sensor plate there is a threaded mounting bolt for screwing the sensor node into the threaded hole for the gearbox lifting eyes. The digital acceleration sensor was placed almost in the centre above the threaded mounting bolt. This is designed to directly couple the structure-borne sound into the MEMS acceleration sensor. The VEH was clamped on one side while the inertia mass can be adjusted and slipped via a clamp for a specific application (thus, the natural frequency can be set). All components have been placed such that the bending beam has enough space for the displacement of the mass. The battery is attached to the side wall with a strong Velcro strap.
The current measurements demonstrate how the current consumption of the whole sensor node (without VEH) varies during operation. With the installed components, the power consumption during "sleeping" can be reduced to 0.55 mA. However, in the basic state, the main loads (microcontroller board and acceleration sensor) are switched on. After initialisation of the sensor, the first of the seven proposed measurements starts. The number of measurements can be specified variably. Each measurement is carried out in an extended mode, which means that the triple measurement time of approximately 0.67 s has been achieved. The measuring time is calculated from the sample number S = 1024 (per axis buffer or memory location) multiplied by 3 (number of axis buffers) divided by the sampling frequency of 4560 Hz. It takes much longer to send than to measure. For instance, if only one measurement is carried out, the total switch-on time is 23.5 s. The sensor node wakes up after the "sleep mode" for a pre-defined period. If the WLAN signal of the central data server is received, the measurement can be initialised. Otherwise the sensor will go back to "sleep mode". The current measurements demonstrate how the current consumption of the whole sensor node (without VEH) varies during operation. With the installed components, the power consumption during "sleeping" can be reduced to 0.55 mA. However, in the basic state, the main loads (microcontroller board and acceleration sensor) are switched on. After initialisation of the sensor, the first of the seven proposed measurements starts. The number of measurements can be specified variably. Each measurement is carried out in an extended mode, which means that the triple measurement time of approximately 0.67 s has been achieved. The measuring time is calculated from the sample number S = 1024 (per axis buffer or memory location) multiplied by 3 (number of axis buffers) divided by the sampling frequency of 4560 Hz. It takes much longer to send than to measure. For instance, if only one measurement is carried out, the total switch-on time is 23.5 s. The sensor node wakes up after the "sleep mode" for a pre-defined period. If the WLAN signal of the central data server is received, the measurement can be initialised. Otherwise the sensor will go back to "sleep mode".
Application on Tram Drive Components
The functional test of the sensor network was carried out under real operating conditions on the tram. During the test, only the scientific staff and the train driver were on the tram. The focus was on the verification of:
• the functionality of the mechanical design and the adaptability and coupling capability of the housing to the gearbox measuring points; • the interaction of the software parts on the sensor node, the base station (Raspberry Pi) and on the control station (laptop); • the transmission of measurement data from the area of the motor bogie to the passenger cabin via WLAN; and • the reception of GPS data on the data server in the passenger cabin of the tram.
The sensor nodes worked in continuous operation to collect as many measurement data as possible. The amount of harvested energy was not logged. During the tram ride, GPS and acceleration measurement data were recorded without any problems. There was no evidence of interference from metallic objects or interfering radio frequencies of other participants (possible in larger city centres) or other RF interference.
The aim of using GPS was to roughly determine the position of the tram to check the suitability 
The aim of using GPS was to roughly determine the position of the tram to check the suitability of the measuring point in the track network. The intention was to differentiate between straight track sections and curved track sections or crossing areas because of unacceptable track conditions, e.g., switches. Although the reflection of GPS on house wall led to large deviations in localisation, the quality of the GPS data was estimated to be sufficient. Therefore, the delay times caused by the communication, the GPS and the hardware were not compared.
As shown in Figure 8 , the data server was located directly above the sensor nodes. The reception of the measurement data in the tram was possible within a radius of 10 m. The fourth participant in the network is the control station. It accesses the data or webserver's homepage via Wi-Fi and visualises Designs 2018, 2, 50 9 of 13 the acceleration and GPS data in almost real time. To extend the range of data transmission from the motor bogie to the passenger compartment, the following options are available:
• set up a data server (Raspberry PI) for each motor bogie; • use ESP8266s as repeaters to amplify the signal; or • establish a meshed radio network (instead of a star network) between the nodes so they can transmit the data of the other nodes.
As shown in Figure 8 , the data server was located directly above the sensor nodes. The reception of the measurement data in the tram was possible within a radius of 10 m. The fourth participant in the network is the control station. It accesses the data or webserver's homepage via Wi-Fi and visualises the acceleration and GPS data in almost real time. To extend the range of data transmission from the motor bogie to the passenger compartment, the following options are available:
• set up a data server (Raspberry PI) for each motor bogie; • use ESP8266s as repeaters to amplify the signal; or • establish a meshed radio network (instead of a star network) between the nodes so they can transmit the data of the other nodes. In Figure 9 , an interface was created for evaluation and visualisation, which is also open for future evaluation algorithms. On the one hand, an evaluation can be carried out on the basis of fixed characteristic values and, on the other hand, a condition characterisation can take place on the basis of a priori known class by means of fuzzy (FUZZY) classification. A multidimensional characteristic space can be the basis for this, whereby the two-dimensional characteristic space is displayed for the selection of two characteristics [1, 21] . In Figure 9 , an interface was created for evaluation and visualisation, which is also open for future evaluation algorithms. On the one hand, an evaluation can be carried out on the basis of fixed characteristic values and, on the other hand, a condition characterisation can take place on the basis of a priori known class by means of fuzzy (FUZZY) classification. A multidimensional characteristic space can be the basis for this, whereby the two-dimensional characteristic space is displayed for the selection of two characteristics [1, 21] .
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During the application test, a gearbox of a tram was equipped with wireless sensors that was measured with conventional sensors 1.5 years ago. Even then, the gear mesh frequencies (GM) of the first and second stages as well as the associated harmonics (Harm.) and sidebands (SB) were clearly visible. A section of the spectrum is shown in Figure 10 . These are usually the first signs of damage to gear drives, which are not discussed in more detail here. The similar frequency spectrum of the acceleration signal obtained with the wireless sensors underlines the metrological suitability of the developed sensor system. In the following, the differences between results shown in Figures 10 and 11 are explained and their causes are mentioned. First, the position of the first gearbox stage GM varies. Thus, the SBs also vary from the respective distance from their centre frequencies (GM, Harm.). One reason for the varying GM of the first stage is the approximate adherence to the test speed of 50 km/h, since the operation of the tram depended on the skill of the tram driver. In addition, no speed reference was measured. Another cause is the reprofiling of the wheel tyres of heavily worn tram wheels (polygon). The wheel tyres are turned around again by a turning machine. The wheel diameter is reduced to a still permissible dimension. However, the reduction in diameter results in an increase in the motor speed, as follows:
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where v tram represents the tram speed and d wheel , n motor and i gearbox are the wheel diameter, the engine speed and the transmission ratio of the gearbox, respectively. During the application test, a gearbox of a tram was equipped with wireless sensors that was measured with conventional sensors 1.5 years ago. Even then, the gear mesh frequencies (GM) of the first and second stages as well as the associated harmonics (Harm.) and sidebands (SB) were clearly visible. A section of the spectrum is shown in Figure 10 . These are usually the first signs of damage to gear drives, which are not discussed in more detail here. The similar frequency spectrum of the acceleration signal obtained with the wireless sensors underlines the metrological suitability of the developed sensor system. In the following, the differences between results shown in Figures 10 and 11 are explained and their causes are mentioned. First, the position of the first gearbox stage GM varies. Thus, the SBs also vary from the respective distance from their centre frequencies (GM, Harm.). One reason for the varying GM of the first stage is the approximate adherence to the test speed of 50 km/h, since the operation of the tram depended on the skill of the tram driver. In addition, no speed reference was measured. Another cause is the reprofiling of the wheel tyres of heavily worn tram wheels (polygon). The wheel tyres are turned around again by a turning machine. The wheel diameter is reduced to a still permissible dimension. However, the reduction in diameter results in an increase in the motor speed, as follows:
where v represents the tram speed and d ℎ , n motor and i are the wheel diameter, the engine speed and the transmission ratio of the gearbox, respectively. Furthermore, only 3072 samples can be acquired at a sampling rate of 4.56 kHz, which presents a reduction in the frequency resolution in contrast to the conventional measuring system (768 kS, 51.2 kHz). The allegedly missing spectral components (GM second stage and further Harm.) is due to the influence of acceleration and deceleration process as well as ride at constant speed. At all three motions, there is another real meshing of teeth. As explained in [22] , chattering of teeth can occur at a constant speed. Sometimes the left or the right tooth flank of one gear wheel accidentally engages with another. In this way, rolling over tooth flank damage cannot be guaranteed and no damage frequencies can be observed.
The comparison illustrates that essential frequencies of the structure-borne sound are reliably transmitted to the MEMS sensor with respect to the transfer condition for the structure-borne sound.
The frequency components shown are typical frequencies that are always visible independently from the technical condition of the tram. They result from the mechanical construction of the gearbox, which has not changed over the period of 1.5 years. If there are technical faults in the motor bogie, the frequencies mentioned are only more pronounced. If the tram speed varies, the frequency varies.
Conclusions
In this paper, a novel sensor network has been developed for condition monitoring of tram drive components based on wireless nodes, which can be easily installed and maintained as they are powered by energy harvested from vibrations during drive. The developed wireless and self-sufficient network of sensor systems can collect vibration data on the examined tram with suitable measuring breaks over a longer period. The comparison between the recorded measurement data of the network and conventional measurements agrees to a large extent, even if the sampling rate and signal length have been reduced to achieve practicability of the wireless network.
Although the installation conditions pose some challenges regarding electromagnetic compatibility and installation conditions, the results of the implementation show that the measurement data could be transmitted wirelessly at distances of up to 10 m. Measurements on the VEH with tram typical acceleration values between 10 and 30 Hz show that a power level between 80 µW and 21.22 mW can be achieved by the designed piezoelectric vibration converter. However, it is not yet clear whether the integrated VEH provides enough energy to ensure operation for the whole system life time, or if it can only act as a range extender. To identify this, long-term tests for real energy harvesting elements on the tram are necessary. Further possibilities to reduce the energy consumption are to implement smart digital signal processing on the sensor node itself to send only representative "characteristic values", so that the radio frequency communication can be realised with a higher efficiency. The VEH can be improved with regard to broadband capability to harvest energy in a wider bandwidth. 
